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TECENICAL .NOTE NO. 796. ST

DETERMIRATION OF GONTROL SURFACEH GHARACTERISTIGS
FROM NACA PLAIN—FLAP AND TAB DATA

By Milton B. Ames, Jr.; and Righard I, Sears
. SUMMARY

The data from previous NACA. pressure distribution
investigations of. plain flaps and tabs have been analyzed

and are presented in this paper in a form readily appli-- = ~

cable to the.problems of control-surface design, The_ex-

;perimentally determined variation of aerodynamic parameters

with flap chord and tab chord are given in ¢hart form and

comparisons are.,made with the theory..:With the aid of ":'”f_; ]

these charts and the theoretical relationships for a thin
airfoil, the aerodynamic characteristics for control sur- ;?

faces of agg=££§ form with plain flaps and tabs may be _ -~ i [
determine A discussion of the. basic eguations of the B

thin-airfoil theory and the development of & number of ad-
ditional equations that will .be helpful in tail design are
presented in the.appendixes. .The procedure for applying

.the data 1s described apnd a sample problem of tail design )

is included

The data presented and the method of application set
forth in this report should provide a reasonably aocurate_
and satisfactory means of computing the aerodyrnamic char

INTRODUCT ION L

The need for an improvement in the method of predict-
ing the aserodynamic characteristics of airfoils with mul-
tiple hinged flaps, such as horizontal and vertical tail
surfaces, has long been realized. A number of valuable
contributions of both an experimental and a theoretical
nature have been made, but the ultimate obJjective has not
Yet been attained. With the intention of more closely
approaching a satisfactory solution of the problem, .the
National Advisory Committee for Aeronautics has undertaken
a control-surface investigation.
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The theoreticel expressions for the 1ift and the
pitching-moment coefficients of an airfoil and the hinge-
moment coefficlents of any number of flaps adbout any
hinge position on the alrfoil have been derived in ref-
erences 1, 2, and 3.

Dxperiments have, however, falled to check the
theory, especlally in the cases of hlnge-moment coeffi-
cients of small-chord flaps. It is for this reason that
the design of tall surfaces has depended largely on ex-
periments. ' :

Several experimental investigations of tail surfaces
have been conducted by the NACA and some recent data are
presented in references 4, 5, and 6. In order to supply
systematic experimental datea for the aerodynamic and the
structural design of control surfaces, a pressure-distri-
bution lnvestigatlion of the section characteristics of an
NACA 0009 airfoill with various sizes of plain flaps and’
tebs was conducted. The results are reported in refer-
ences 7, 8, and 9. :

In order to make the data of references 7, 8, and 9
more readily applicable for design purposes, curves have
been prepared to glve experimental parameters for a wide
range of flap and tab chords. The parameters glven in
this paper may be used with the expressions presented 1in
references 1, 2, and 3 to determine the aerodynamlic char-
acteristics of tz2il surfaces with plain flaps and tabs.

SYMBOLS

The coefficients and the symbols used in the theo-
retical discussion are defined as follows?
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Ch, = s
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where c¢p, airfoil_section normal-force coefficient

Cy airfoll normal-force coefficieny

& .

N . Cp airfoil section pitching-moment coefficient

. about quarter~chord point of airfoil

¥ . .
Cp airfoil pitching-moment coefficient about

guarter-chord point of airfoil )

chp flap section hinge-moment coefficient
Chf flap hinge~moment coefficient
chtl tab 'section hinge~-moment coefficient
Ght tab hinge-moment coefficient
n section normal force of 'alrfolil o
N normal force of airfoll
m section pitching moment of airfoil about

. quarter-chord point

u M pitching moment of airfoil about quarter=-

. chord point

hf flap section hinge moment

? He flap hinge moment
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hy, tab section hinge moment
Hy, tab hinge moment
q dynamic pressure

c mean geometric chord of basic airfoil with
flap and tab neutral

T root mean square airfoil chord
Cy mDean geometric flap chord
¢y root mean sguare flap chord

¢, mean geometric tad chord

E; root ﬁean square tab chord

S airfoll area

b alrfoil span

g flap span Cs

by tabd span

a angle of attack

angle of attack from zero 1lift for airfoll
of infinite aspect ratio with flap and

tab neutral

g @angle of attack from zero 1lift for finite air-
foll with flap and tad neutral

8§, flap deflection with respect to airfoil
8, tab deflectlon with respect to flap

A aspect ratio

DISCUSSION

Equations

The theory of thin airfoile is developed in refer-
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ence 1 and is extended to inclmndera hinged plain flap in
reference 2. ‘'The derivations, .completed. in reference 3,
give the theoretical relationships for & finite airfoll
with a multiple hinged plain-flap .system. The general
theory, in agreement with experiment, indicates a linear
variation of angle of attack, flap deflection, pitching-
moment coefficient and hinge-moment coefficlent with 1lift
coefficient. In order to simplify the enalysis, several
assumptions were made-in developing the theory, two of
‘the more important being that the alrfoil may be replaced
"by & mean camber line and that the fluid flow leaves the
trailing edge of the airfoil smoothly. The aerodynamic
characteristics of an airfoil with a plain flap are ex-
-pressed in terms of theoretically determined parameters
(see figs. 1 and 2), which are used in the eguations for
the airfoil and the flap coefficients. These parameters
are ldentified and transformed into the partial differen-
tials of standard NACA coefficients in appendix A, Be-
cause & converltional control surface 1s essentlally an
airfoll with & series of plain flaps, these alrfoill egqua-
tions may be applied to determine the characteristics of
control surfaces. The equations in standard NACA form

are-. . ) ) _;—_-:5- ez
(8022 >8f'6£ Cy +< /cn 5 éf:_:<%g;%->cn s_f 5, : (‘*2) .
On g =('a—§-gi>8f gy + aac;; /,G. Bp 4 (aaihtf\a sf..'_'ﬁt (4)

The subscripits indicate the factors that aré held constant
when the partial derivatives are taken.

The relationships in equations (1), (2), and (3)
readily lend themselves to the prediction of contirol=-
surface characteristics, such as tad and flap setting for
trim, tab opsratlion as a balance, and the parameters for
free-control stability. Prom the basic relations, some
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of the eguations for determining the control characteris-~
tics -are developed in appendix B, If Cyx is the normal-
force coefficient of the tall reqguired for equilibrium,
the tab'deflection to trim with zero control force is:

& . _ o
L (E"_Ei | '
1 . sfaét ) “a.
(o, =o) 30 S ¥
Ol @@, @ |G
Sf st\an nlst an n's‘b 11’61;
(2 ) . <°°h£
2o (a"hf)
0857 a8y 988 Yop 8y
and the correspénding flap deflection 1is
)
. :(Chf:O) - - " s .- . - N
Lo C . . . -
1 ¥(Cpe = 0) WAL 5 (8)
d o o Q0NN : ' - alst Cpibye t’(.Chf=_O)
f cn,Bt ¢ Sf,st

If the control surface is equipped;wﬁth a balancing
tab, where &y = K&y + 6g,» 804 84, 1is the initial ted

‘deflection for ‘trim and K 1 the" rate of change of the
tab deflection with the flap deflection, then at any angls

(5)

of attack the flap deflection for zero hinge-moment coeffi-

clent. (free-floating angle) is

- A - - =
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~ The experimental values of the parameters in the fore-

going equations are presented in the following section.
Although some of the equations may appear cumbersome, it

is believed that the form used is most easily applicable

to the practical design of a control surface. From theo-
retical considerations, however, these relationshlps may

be much more easily understood if the various factors are
combined into other parameters as shown in appendix B.

Experimental Data

Aerodynamic parametars.-~Experimental curves_{(figs. 1
and 2) nave been prepared for use in determining the aero-
dynamic characterisatics of any ¢ontrol surface with a
plain-flap aileron, elevator, or rudder with sealed gaps.
These curves, to be used in conjunction with the equations
in the preceding section, are plots giving the variation
of aerodynamic parameters with the ratio of flap chord to
airfoil chord. The parameters, obtained for the NACA 0009
airfoil from an analysis of the sec¢tion data presented in
references 7, 8, and 9, are chosén to be indeperndent of
aspect ratio. The theoretical curves developed by Glauert
and Perring (references 2-.and 3) for the thin airfoil are
reproduced in figures 1 and 2 feor comparison. '

From an analysis of the data in references 7, 8, and
9, it was possible to define all of the experimental curves
of figures 1 and 2 except in figure 2(c¢) by points at cg/c

of 0, 0.03, 0.05, 0.06, 0.08, 0.09, 0.10, 0.15, 0.16, 0.24,

0.30, 0.50, 0.80, and 1.00. The experimental curves of
figure 2(0) are defined by points at values of f/c of

.30, 0.50, 0.80, and 1.00 for the tabd giges of O. lch
and O.Sch.and at 0.30cg/ec, 0.50cg/c, and 0+B8O0cg/c for
the 0.20c, ‘tab size. The curve for ‘the 0. 20cy tabd was,
however, extrapolated for values BT"cf/c from 0.80 to

1.00. Por all the parameters of these two flgures 1t was
possible to fair the curves with practically no dispersion
of points.

In figures 1 and 2 the experimental curves have the
same general shape as the theoretical curves derived in
references 1, 2, and 3, although in most cases theilr mag-
nitudes are somewhat less. The poorest agreement was

,oc - de

h ‘h

found in the curves of k S-f\ and ( f)
f t
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in figures 2{a) and 2(c), where the theoretical slopes

for small-chord flaps were much higher negatively than
those given Py experiment. This discrepancy has been ob-
served in other comparisons betwsen theory and experiment.
Because the theoretical parameters were determined on the
asgunption of & continuous flow of a perfect, nonviscous
£fluid, an assumption that is not valid under actual condi-
tions, the disagreement might be expecteé. The discrep-
ancy between theory and experiment is Important because it
occurs within the cf/c range in which most coantrol-

surface flaps and tabs lie. The portion of the hinge-.
moment coefficient attributed to the effective camber

SChye s o
8¢ (fig. 2(a)) is generally mahy times
Be ‘e, ,8

£
v

greater than the portion caused by the circulation

OCho\ : -

£

< . > Cy (fig. 2(v)).
den "8r,84

A comparison betwesen figures 2(a) and 2(c) indicates
that, for tab sizes greester than 0.10cy, the flap hinge-
moment coefficient obtained by deflecting the tab a given
amount is greater than that obtained by deflecting the
flap the same amount. This result agrees with other test
data (reference 10) and indicates that a full-span balancing
tap, with 8 chord greater than 0.1l0cs 2and a 1:1 ratio of
teb deflection to flap deflection, will produce overbal-
ance.,

From the test results of an NACA 0009 airfoll report-
ed in references 7, 8, and 9, it was 2lso experimentally
e de
determined that ( n) = 0,095 and 2
O “8e.8y "nl8e, 8y

-0.0105.

Allowable flap and tab deflections.~ Because the
relationships in equations (1), (2), (3), and (4) are true
only for the condition of 2 linear wvariation of the aerd-
dynamlic coefficients, 1t 1is necessary to determine for
various angles of attack the maximum deflection of a flap
for the linear variation of the 1lift. In order to obtain
the minimum control force for a given maximum 1lift with a
plain flap, 1t is generally better to operate the flap
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within this linear range than .to use a smaller chord flap
that must operate at flap deflections beyond the linear
range to glve the .required 1lift,. -

The -approximate maximum allowable flap deflection for
linear limits of airfoll characteristics at several angles
of attack are plotted against the ratio of flap chord to
airfoil chord in figure 3, . These limits of maximum flap
daflection, obtalned by experiment from-the data of refer-
ences 7, 8, and 9 for infinite aspect ratio at an effective
Reynolds number of 3,410,000, are the approximate angles
at which the variation of ¢y with 8¢ ceases to be lin-
ear. In most cases, however, the limits do not indicate
the flap stall because the stall was observed to occur
generally at a flap deflection from 2% to 5° greater. In
some cases, when the tab was deflected in the dlirection
opposite to the flap, the change from the linear variation
and also the stall were delayed., The broken portions of
the curves of filgure 3 indicate that, because of the irreg-
ular flow over the small=-chord flaps, some uncertainty
exigts as to the limits of the linear varlation of the
characteristic slopes in this region.

i "The . flap-deflection limits ‘for any given control sur-
.face of finite span are dependent upon the espect ratio,
the plan form. the twist.'and the scale effect. Generally,
an increase in scalég WOuld tend to increase the maximum
alloWable angle of attack and the flap deflection., Vari-
ous free- flight tests have shown. however, that for criti-
cal conditions the stalls, and hence the limits ‘of the
linear variation of the aerodyrnamic characteristics, may
not necessarily occur in flight in the same order that

the tunnel tests have indicated. Because the limits pre-
Zsented ‘in figure 3 dre generzlly ‘several degrees below

the stall obtained by the ‘experiments of references 7, 8,
and 9 and because most control surfaces will be at a
larger scale than the scale of these experiments, it 1is
reasonable to assume that the limits are conservative.

If the scale effect 1s neglected, the limits may be
determined by computing the local angles of attack at the
.critical section for wvarious flap deflections by the meth-
-od of reference ll. .These angles of attack can then be
plotted against the flap deflection to finéd the 1lntersec-
tion with the allowable-limit curve for infinite aspect
ratio. For all practical purposes the -limita for the
flap deflection and the angle of dattack, when the 1lift is
small, may be assumed to be-the same for any aspect ratio.
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This assumption is Justifiable because the magnitude of
the correction lies within the limits of the experimenfal
aceuracy in determining the curves for infinite aspect
ratio. .

Experiments (references 7 to 10) indicate that tad
effectiveness decreases with an increase in the flap de-
flection. There 1s reason to believe, however, that on
conventional finite control surfaces a satisfactory maxi-
mum for tab deflection exists between the angles of £15°
and +£200 for moderate flap deflections., This result
would indicate that, for & constant tab chord, it is bet-
ter to use a large-span tab deflected to a small angle
than a short-span tab .deflected to a large angle.

Effect of Aspect Ratio

The slope of the normal-force curve BGN/aa in egua-
tion (1) for a finite airfoil is dependent on aspect ratio
A and may be corrected in the fol;owing manner:

«

: . dcn
ac oo 2 8
(—N- = D £20% _ (11)
3 5.9.51; _ ac.n . o e 27
- 57 .3r (-Ea— A 5
14 . 2%
TA

where Ocp/da is the slope of the normal-force curve, per
degree, for infinite aspect ratio. The term p 1is a cor-
rectlion factor for srall aspect ratios, and values obtained
from unpublisghed:data are used in figure 4. For horizontal
surfaces with end plates, such as twin vertical surfaces,
the value of p 4s l. The factor r, a correction for
end-plate effect due to twin vertical surfaces; was ob-
tained from reference 4, and its values are reproduced in
figure 4, For horigzontal surfaces with single vertilcal
surfaces, the value of r 1is 1, Becausé the parameters

da

and =
<86 o a8 c 5
£ n'ﬁt 8/0ns "t

change in circulation. they are unaffected by asPect ratio.

in equation (1) involve no

In equation (3), if the pitching-moment coefficient
is taken about the.aerodynamic center of the airfoll and

.
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a0
. R . m )
deslgnated = O y 'the parameter (——§5+QL> is
a"cl . . . CN 8 ’6
: ‘ £+9%
equal to zero because
<acma.b ) '_ o 5f.5t
C3Cy - 3¢
. vast . < N .
’ ﬁf,s-bl B
ma C i — !
where by definition ——— 28, . is equal to zero.

3G ag.by

The same statement is substantially true when the pltching-
mement coefficlients are dedtermined about the gquarter-chord
polnt of the airfoil because the values of the parameter
are so small that, In most cases, they may be negleoted.
The -other parameters in both this equation and in equation
(3) are unaffected by the. aspect ratlo because they were
determined for a condition of conshant circulation (O
held constant), Thus, 1t should be evident that the vari-
ation of equations (2) and (3) with the aspect ratio de-
pends vnly upon the corrected value of Cyxy for the finite
airfoil as determined in equation (1). .

achf
aspect ratlo. The slope < ) may be corrected
in the same. madner &s (-“ 2 7, but the slopes ¢

: : . , aos. 6 e - . -

. f' t . .

' _".ac. : R - H RN . T H L0 - N

of 3'(*—£i> T an > -'vhry in a more complex
.38, /.- - :’.st .
T a,8¢

manner, It can be shown that

30, e
<asf> "'( hf) <aaf + acsr;f>

Cna_s_t
“Prom this relation.it'mé& be noted that the parameters

8g.bg

.a. * . Bch . . - .
59—) < f) . will-not be affected by
5g /.

nt
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changes in .aspect ratio because ,the parameters were deter-
mined for a conditlon of constant ceirculation., The value

ath
of <———— must, however, be corrected for aspect
‘ Ja 80,5
£1°%

ratio as previously mentioned. Hence, the value of the

90 .\
parameter <——£i>m
@

n mgy be corrected for aspect ratio
oF

Dst

by correcting only the portion of the expressilon contain-

: - '-ath
ing the parameter — + In a similar manner,
. . oS . p
S o - 7 9C0nys . . R -
the parameter (—Fe— must also be corrected for as-

pect ratio.

The results of model tests and flight tests are gener-
ally presented in a form from which the parameters in eque-
tion (4) may be obtained, Because the parameters in equa-
tion (4) are affected by changes in aspect ratio, the ex-
perimental parameters for hinge-moment coefficlents pressnt-
ed in this report are given in the form suitable for use
in equation (3), so that they may be used for any aspect
ratio. - et Coee

BEffect of Plan Form

Because all the parameters of figures 1 and 2 are in-
dependent of normal induced veloclity, they are indepsndent
of plan form and twist as well as of aspect ratio. In
general, in order to compute the tharacteristics of any
finlte control surface, 1t is necessary to compute the
spanwise 1ift distribution for each flight condition as
indicated in reference 1l. For the special case of & cdn-
trol surface having an elliptical span-load curve, the )
aerodynamlc parameters can be computed in the manner to be
indicated. Such a surface will be one of elliptical chord
distribution and of constant ratio of flap to airfoil chord.
If for practical purposes ' the asstumption is made that, for
any control surface, elliptical 1ift distPibution is approx-
imated, the aerodynamic characteristlics may be readily es~
timated by using the experimental data in figures 1, 2, 3,
and 4 in the following manner: C o
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(1) Determine the ratios of cp/c and cy/c at as
many stations as may be necessary to define

the surfaces.

(2) Obtain the values for the slopes at each station
from figures 1 and 2 and plot them against the
span. In order to sum up properly the param-

ac dc
eters <?;Ei> s < asf , &and
Cn 80,84 T “cpaby
/9 Che

\j;g-) s+ 1t 1s essential that they be

t “‘Cni.bf

based upon & common chord. Therefore, multi-
ply the slopes obtained from figure 2 by the

square of the ratio of the flap chord at the
station in question to the root-mean~square

.2
flap chorad (ce/Ts) and plot the product.

(3) Integrate the curves and divide by the total air-
foil span, thus obtaining the effective param-
eter for the entire control surface. .

(4) For partial~-span tabs it is necessary to iantro-
duce an additional factor to allow for the
effect of the normal velocities induced over
the rest of the wing by the tab. Because the
value of this factor has not yet been satis-
factorily determined for a general case, it
must be neglected at present,

APPLICATION OF DATA TO HORIZONTAL TAILS

Inasmuch as the determination of .the proper horizon-
tal and vertical :tall areas, where stability is the main
consideration, is beyond the scope of this report, only
the general problems involved in obtaining adegquate con-
trol wlll be considered.. The equations and the charts
al;eady prresented readily lend themselves to the solution
of the problems..

. The elevator size is usually determined by the re-
quirements of landing the airplane because .getting the
tail down in the presence of the ground is generally the
most critical condition. This discussion and the sample
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problem of tail design included will therefore be devoted
mainly to the determination of the elevator required for
landing and to the characteristics of the tzil.

Before calculations can be made, however, certain
characteristics of the airplane must be known: namely,
the pitching-moment coefficient, the angle of downwash,
and the dynamic pressure ln the region of the t2il., These
quantities should preferably come from wind-tunnel tests
of the model in question because nacelle fairings and in-
terference effects are critidal, The effects of the slip-
stream or of & windmilling propeller should not be ne-
glected. If wind-tunnel tests are lackihg, the character~
istics may be roughly computed from other test data, such
a8 those given in reference 12.

: .Because the presence of the ground affects the down-
wash and the dynamic pressure over the .tail . in a manner
that has not.yet -been satisfactorily determined, horizontal-~
tail designs must be based on assumptions rather than be
put on a rational basis. Until further investigation sets
forth either a method of calculating the ground effect or
a tunnel technique for measuring it, the assumption can be
made thaty during a landing, the angle of,dowpwash at the
tail is approximately zero. '

In order to lllustrate the method of application of
the data, an example is presented for an airplane having
the dimensions . given in the following table.. -

' L. _— m et Lol . - - . s ozl . - T
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(The primed values refer to horizontal-=tail characteristics)

.. . )
T g g o g - - e

Definition = - o s ; * Dimensilon

Tail length..firom most forward center-of- - !
gravity looation of airplane to quarter- .
chord point of ‘horizontal tail surfacenh—._1'= 20.0 £t

A ) ' . t S

Mean aerodynamic chord of - Wing——-“——-ﬂﬁriq cy = 6.8 £t
Wing arsea---~~ ;___;f;;;;;_;_____--f;%:;;;; § = 236 sq ft
Tail area———;J-;-aéQ;A—;--—-F—---—;--u%;-— ST = 48 8sq £t
Taii sﬁa;;-;~—;-———; —————— ;-—-——-——*;;;;ﬁﬁ P! = 12.8 ft
Root mean square chord of tail--=-=- m=se-=~ et = .75 £t
Aspect ratio of taiL-Q ----- ‘;________;;_;; Al = 3.4

Helghx vf quarter- chord point of horigson-~

tal tail above the.ground (landing)—--=—=- dg' = 3.75 £t
Hefght of‘horizontaiifail above cénter of L

grevity of alrplane measured normal to S

tail chord ------------------------------- at = 2 £t
Angle of attack of airplane (landlng)--;——- o= 14.,2°
Angle of 1ncidence of horizontal teil--—-= it = 2,00
Assumed ratio of tab chord to horizontal-

tall chord----ce oo cy'l/et = 0.06
Maximum tabd deflectionm~m—=mmemmmmemcceeea 5y = 15°

max

Stlek length-—mm—mc o e e 8 = 1,756 %
Maximum deflection of control stick when .

deflecting the elevator---=--m=—mecame—nax §g = +30°
Pitching-moment coefficient about center

of gravity of model without tail (a =

14.20) mmm e e e ———— = ~0,135

cmc.g.
Angle of downwash at tail (assumed to have
been determined from wind-tunnel tests)=-- | € = 2.2°

Ratlo of average dynamic pressure over tail
to dynamic pressure of free air stream--- {g'/gq = 0.96
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«~Elevator Chord

The process of calculating the elevator chord re-
.quired to land the airplane is as follows:

(1) Compute the effective aspect ratio 4Ag! of the
tail surface in the presence of the ground.
FProm reference 13, when applied to a horlzon-
tal tall surface,

Ae! = __;A'L_ (12)

d'!
1 < —8 < 1
15 b'/2 2
'. d-'
* 1 - 0,66 ( €
1
p o= v'/2 (13)

4z' 8.75
= = 0.588
bt/2 6.4

Therafore

1-~0.66(0.586)
o = = 0,191

1.05 + 3.7(0.586)

and

5.4
Ag! = ————— = 4.2
* l - O.lgl

(2) Compute the slope of the lift curve of the hori-
zontal tail by equation (1l1) as already oubt-
lined. 7From figure 4, p = 0,933 and r = 1
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and, from reference 8, for an NACA 0009 alr-
foil, 3ep/0a is 0.095.

Therefore

 0.933 (0.095)

85.8y , 4 B7.8 (0.095)
T 4.2

30\ !
“E) ' = 0.063

S

(2) Determine the angle of attack of the
horizontal tail surface:

t = it -
ag! = a + 1 €

14.2° + 2.09 - 2,20

114.00

(4) Approximate the pitching-moment coefficient of
the tail Cp' by assuming & ratio of cp'/c!
and substituting in eguation (2), using the
maximum values of 8y and &iy. Obtain the
value of Sf' from figure 3.

max
If, for this example, ‘cp'/c'! is estimated to de

O.E?, then from the experimental curve in figure
1(a)s e :

dc
(——E> = -0.0080
38 ¢
Cpnibyg

From figure 3, if it is assumed that o/ ' = Gg!

a
at ay! = 14°, +then = ~25,6°.

! =
8¢ max i
From equation (2), it is estimated that Oyx' =

-0.,2 and assumed that for a tab with dimenslons
of 0.3 b' by 0.06 ¢!,

< acm> _
"\ 038y /

_ 0.3 (~0.0050)
epdp ' )

~0,0015
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Therefore
Cp'! = (-0. 0105!( 0. 2)+( 0. ooso)( 25. e)+( 0. 0915)(15)

- o0.m | : | -

(5);Estimate the chord-force coefficient of thé tall
Co,' from the curves 1in reference 4. The
ommission of this term will, however, have no
great effect on the results. .

From fﬁguré 5, reference 4,
C,' = 0.25 (approx.)

(6) Calculate the normal-force coefficient of the
tail required to maintain equilibrium by the
equation -

= 1 s - '
CN‘ = T(%_S—‘ Cmc.g. Cw + Gm_t c! + Ccldt> (14)
= [( X 235)( 0.135) (6.8)+(0. 21)(3 75) + 2(0.25)
20 0 0.98
= =0.17
(7) From equation” (1), compute the product
- ) t- _ .
(aasa> 8g' = ag 't = (aa ) syt (15)
f c ,8 aﬁt
n t . ( > cnisf
! Srs8¢
For the example cited, - §%£> _ is approxi-
i t cn,Sf

mated t6 be

(0.35(~o.20)

= -0.06
Thus, with &' = 15°,
max
Sa ~0.17
— Bt = = =237 4 34,0 - (-0.0
35f> f 0.063 ( 6)(15)
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If accurate downwash measurements are lacking bdbut
adequate wind-tunnel data are available, it would be a
better procedure to-modify steps (4) to (7) in the fol-
lowing manner. Obtain by experiment the pltching-moment
coefficient ofthe model, including the tail undivigded
into stabilizer and elevator. Thencaelculate the incre-
ments of chord-force and pitching-moment coefficients of
the tail about its quarter-chord point to obtain the in-
crement of normal-force coefficient necessary to balance
the airplane. Ths subscript £ with Cyx', Op', and Cg!
refers to the change caused by the flap elevator) deflec-
tion. Tt

1 L . - : ~
CNf' = T(%_S_sT CIDf cw 3 cmlf cl + Ucfldf)

C.&.
The ﬁ:oauct g%h 5,1 is obtained:
-
+ cn.St
s Oy 3
nte T ®n» 84

From this point on, the procedure is the same 2s be-
fore. This method has the advantage that, although it is
st1ll necessary to calculate the angle of attack of the
tail (and hence the downwash) to determine the maximum
flap deflection, the downwash computation does not enter
into the calculations for the product (%gig Sp!

f Cn,ﬁt
and hence possible inaccuracies are minimized.

(8) Assign convenient values of B8,! L and compute
from the product of eguation (15) values of

o ' Co

< > -, Obtain from figure 1(b) the
38s) . O
t

values of cf'/c‘ corresponding to the computel

cn,

values of jEi) ‘ and plot themn agalnst
Br/c .8
n'v¢

the assigned 8;' values.
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For the example cited, table I lists the computed

values of gEL and the vélues of
Sf Cpeby
cf‘/c' that correspond to the assigned values
of Sf' when 8,' = 15°,
TABLE I
Sf! .EEL c I/cl
(deg) |\ 8¢ £
Cns 8y
-18.4 ~-0.960 ©.800
-20.0 -.880 . 647
-25.0 -,7058 430
-30.0 -.587 .315
_3550 -.503 0241
-40.,0 -.441 .192

The values given in table I are plotted in
figure 5. This curve represents the deflec-
tion of each flap size required to produce
the required normal-force coefficient COy'!

at the given angle of attack. This procedure
was repeated at &8, = 0°, The results are
likewise plotted in figure 5.

(9) Plot the curve of maximum allowable 8,! against
values of c,.'/ec! as obtained from figure 3
for the regquired angle of attack of the tail
surface. This curve is also plotted in figure
5. The intersection of these curves will in-~-
dicate the minimum effective flap-chord ratio
cf‘/c‘ and the flap deflection necessary to
to obtain the required Cx' of the tail at
.the angle of attack for landing. The mean

value of <-a—%a'—> for the entire tail
£ .
: cniby
surface should be that corresponding to this

flap-chord ratio cyp'/c'.

From 2 consideration of the maximum free-control
stability and the lowest control forces, it
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7 18" apparent that this flap (elevator) of the
minimum allowable size should be the optimum

. size. Hence, for the example cited, the
curves of figure 5 intersect at Ob8g' = ~26°
.(approx ). cg'/e! = 0.40. Thls result cor-

responds to an effective.<-+—~> = 0,867
8¢
(fig. 1(®)).

The plan form and the total area having already
been tentatlvely determined, the object now
is to divide the tail surface into stabilizer
and elevator in suchlmanner_as;to glve a mean

value of < >‘ oo -~ ggrresponding to the
anca 5'_.
n*°t :
effective flap-chord ratio just computed:.
This division must of necessity be done by a
methad of successive approximatione in locat-
ing the hinge axls or in making alterations
to the plan form.’ The procedure for determin-
ing the effective value of any of the param-—
-~eters has already been indicated. The proper
locatlon of, the hinge axis having been esti-

mated, the effective parameter i? )
N .:-1-..'. .. . . £ n,Gt

df the assumea arrangement can be found.

When the hinge line is properly estimated._the

-r::* éffect{vg O“ )- f : thus_ebtained should
.t 6 LT L T .

o "“J Bf

“be the same ‘as the value previously calculated.
~If it is smaller, ‘the flap ‘'size will not satis-
"f¥y the:'design requirements; if it is larger,
-the"stlck force. may-be ‘greater, as can be seen
o.from, the.stick-force curve for a rectangular
tail in figure 6. Likewise, the free-control
gtadbility will be decreased. .

For the example cite& with the plan form of the
tail assumed to:be.that indicated in figure 7,
the hinge lineé has been located on the second
approximation. A constant flap chord up to
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the tip section has been chosen because it
can be shown that, in general, such a flap
-willl have lower stick forces than one having
2 hlghly tapered plan form. The distribution
of the alrfoll chord along the span is ellip-
tical for the tail under consideration.

The hinge axis having been located, the effec-

tive parameters for the hinge-moment and the
w pPitching-moment coefficients may be deter-

mined in the manner already outlined. For
the problem under consideration, this process
has been.carried out in detail and the fol-
lowing values for the parameters have been
obtaineqd: ' . '

3e .
h
g
= -0.0076
)
%8 oty
achf' _
< = -0.093
aCn Sf,Bt *
achf . _ _ - ' ) '
55 ‘>- "=_}0.0032 (epprox., by interpolation)
v Tepadg
da .
( =3 > | = -0.06 (approx.)

Stick Force

(1) mTo compute the stick force, the hinge-moment par-
ameters CNQ th and ﬁt‘ . being known,

solve for- th' by using equéf%eglfi}._m

For‘thg example cited:. - ':i”‘v’jf -
“ Cy' = =0.17... )
" 8,' = 18°
5.1 = -36°
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. Therefore . R

Chf_ (-0. 093)( 0. 17)+-( 0. 0076)( 26)+ (-0.0032)(15)

‘0.165
(2) The stick force is _
Chf' (E t) b! 'Sf

F‘S = -3 s(ss) ) (17)

Fof the examnle cited, Ef' = 1.48 feet

When the airplane is landed 2t 70 miles per hour,
the dynamlz pressure at the tail is
- q!
9’ = q —
Q

- 9;9%§§Z§ (70 x 1.47)° (0.98)

12.1 pounds per square foot

(o 165)(1.48)2 (12.8)(12.1)(~-28)
(1. 75)(30)

and ES =

-27.7 pounds

In order to visualize more clearly the effect of flap
chord on the stick force, calculations were made for a
rectangular tail having flaps of various ratios of cf‘/c’
for the conditions of tab neutral and deflected 15°. "The
results are plotted in figure 6. In each case the Oy!
required was =0.17 and the maximum allowable flap deflec~-
tion for the particular cpel'/c! value was used. It.

should also be bointed out that the stick length and the
meximum stick deflection were 'held .constant, which result-
ed in an increased mechanical advantage B8,!'/8, for

large-chord flaps. The curves indicate.that a given slze
tab is much more effective in reducing stick forces of
large-~chord flaps than small-chord flaps. This result is
an expected one because figure 2(c) indicates the sanme
result when hinge moments ranger than hinge-moment coef-
ficients are considered. The computations also show that
the highest stick forces occur in the range of cg'/c!
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most commonly used in present-day practice: from 0.40 to
0.60.

Tad and Flap'Deflections to Trim

It is considered desirable t¢ lnstall a trimming
tab effective enough to trim the alrplane when an approach
for landing is being made. If, for thils condiltion, the
angle of attack for the tail and the normal-force coeffi-
cient required of the tall are known, the tab setting to
trim with zero stick force may be computed from eguatlon
(5Y. For the alrplane used in the example t0 glide in
equilibrium at 110 miles per hour, it is computed that

Calculate the slope of the 1ift curve in free alr by
equation (11).

30 T : 0. '
(——E = 0.852 095 = 0.054
da /8,84 1 4 573 (0.095)

Therefore from esquation (5)

- - 1 (=0.093) (-1.2)
5.1 _ 014 [ (0.054) (<0.67) _(-0.0076) ]+ (-0.67)
® (Cy,=0) | [(-o.os) - (-c.oozz)]

'(-0.8%) ° (-0.0078)

- . B L e -

= 11,4°

The corresponding flap deflection required to main-
tain equilibrium may be computed from equation (6). Thus
for the example cited

5! - [(-0'14) - (—1.2)4'(-0.06)(11.4)}==-3.1°
(Cpe=0) -0.67 L (0.054) . . - .. . T

When the tabd is used as a balancing tab, the free-

flgating angle of the flap may be computed from eguation
7). '
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For the example cited:

o .
byt = Kbp' + Sto’, yhen §t°' = } | gand K = -0.5
Thus, when oag' = ~-1.29,
Gf'
(COp=0)

(-0.093>(0.054)(_1.2}+E,(~o.093)(0.0541(_0.05)+(-0.0032)J (1)

~(-0.093) (0.054) (~0.67)+ (~0,0076 # (~0.5) [-(~0.093) (0.054) (-0.06)+ (~0.0032)]
= 0.270

The corresponding normal-force coefficlent of the
tail is determined by equation (8). Thus for the example
under consideration _

Cn'(po . o
(Chf*o)

= 0.054.{(-1.2) —(~o.sy)(0.27) - (-0,08)Y[ 1 + (-0.5)(0.27)]}
= -0,05

The rate of change of free-floatling angle with angle
of attack may be calculated from equation (9).

Thus
. an\

v PG soper0

" (~0.093) (0.054)
—(-0.093)(0.054)(—0.67)+(—0.OO76}+(—O.5)[—(—0.093)(01054)(—0.06)+(—0.6032)]

= e~

= ~0.546

v Similarly the slope of the lift curve for the taill
with controls free is found from equation (10).

( Ny L ' : Y-
Sy #'(0.054).{ 1~ [(-0.67) + (~0.5)(~0.06)1(~0.546) (= 0.035
NS e Chf=0 1

r
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APPLICATION OF DATA TO VERTICAL TAILS AND AILERONS

This entlire procedure may be used equally well to
calculate rudder size, wlith the obvious modification of
substituting yawing-moment coefficients for pitching-
moment coefficients and sidewash for downwash in calcu-
lating the normal-force coefficient reguilred. i L

The section parameters presented 1in this report may
also be used to compute aileron characteristlics by means
of the method outlined in reference 14,

Langley Memorial Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., December 30, 1940.
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APPENDIX A

EQUATIONS OF THE THIN-AIRFOIL THEORY

Identification of Parameters

The conversion of the equations for the aerodynamic
characteristice of a finite airfoil based on the ths thin-
airfoil theory {(reference 1, 2, and 3) from the old
British system of serodynamic coefficients to the standard
NACA form and the use of symbols for the parameters, or
gslopes, in these equations has led to some misunderstand-
ing as to the 1dentity of these parameters. The purpose
of this analysis is to clarify the identity of the param=-
eters and to distinguish between the ones that are some-
times confused because of a similarity in form. In addi-
tion, a summary of the relatlons is given whereby other
useful parameters not presented in figures 1 and 2 may
be computed from these data.

If
Oy = f1(a,8,p,84)
it follows that

ac of , don + of, 160 + of 3 46
IS em— ———— ——————
¥ ™ 7 35, TF T B8, °

which is identical to:

aCy oCy oCy
Oy = — —= 385+ =— ab
dCy 5o da ¥ T asp+ 55, ad,
ACy 3Cy \
= da + ————— 38p + ————— a8
9a |\ ST e 7 T3 b
N N
Ja oo
a0y

Jo
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Likewise if . 0 S
Cp = f2(Cx,82,8¢)

it follows that

agt

Cp = —B §8f + —2

m T Seg N Es, O f T Bs, 00
and if
Then .. . [

ae; ' 3¢ R
dCn, = hf ch by dsf ¥'.'hf dBt
f 3oy - T 384

or, if it is considered that

néhf = f4(a,5f,8t)

3%k d3Cn, 36y - -
ACne = —=L da + £ 38, + ——L 45
— - af . Jda - aﬁf £ a8 t

Because, according to the thin-airfoil theory, & linear
relationship exists among the variables .Cuﬁ th, Cm»

@, 8¢, &and '8y, the total differential. in the foregoing
equations may be replaced by the variable. Because no

change in circulation is involved, ( o ) " is iden-
_ O8f Gy |
g \ N2 Tt

tical with YN , etc. The subscripts indicate
© £ cn,St

the variables held constant when the partial differential
is taken. The equations now become

oC . : oo
c =(:__E < 5o (2% 5 (1
¥ "\ 32 /sg,84 [ Sf/ T \3sy/, .y t] ‘
Cp = g%ﬂ/ Oy + 2:“) Y %%E> 5y  (2)
n Sf,Gt n,Bt t cn,Sf
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ach cp dCh B '
_ f 3 £ £
Chf‘<ac ) ch+< > 5f-*<as ) 8, (3)
D “8p,y84 ' . b ensb¢
3Cn . ac ach
Cp. = (——i> . Qg F ( R < 4 5¢  (4)

These equations are of the same form as those pre-—
sented in references 2, 3, and 5., By comparison it is
possible to define the various constants of the equations in
these references in terms of the variables involved. In
order to indicate from which relationships the various
partial derivatives are determined, subscripis are added
to the derivatives to indicate the variables held constant
in taking the partial derivative.

The following tadble of corresponding symbols has
been prepared for future reference. . The parameters from
references 2 and 3 are, for obvious reasons, expressed
in terms of the o0ld British system of coefficients; the
angles were measured ixn radians; the pitching moment was
measured about the airfoil nose. '

_ ' | NACA systenm.of _.01d British system
Papametér ) coefficients of coefficients
Reference 5 | Reference, 2 | Reference 3
BGN ’ B R o : G
<___ R R -2 ay 21
a Bf,st' )
aow Coen T
U"St ' ! L . R
da . _ &z -
g=) Dohe o O A
Cnyby .o
a
Cin ~ha - “he o1 -hs
. % Cn)af - . ! . . .
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Parameter

NACA system of .

coefficients

01ld British systen
of coefficients

Reference 5

Reference 2

Reference 3

de
ac:>8f’5t
acm>
a8 ¢
o)
5y ) s
o¢
ooy,
o)
(F2)_,
s}
(E;if>
Ocp
=2, s,

3
<:$§Zf>gn 5

n’Gt

8r,6y

- ey ma

-

=Vii

vaig

-1
4

-b:
a1

bpai1-biag

- x
4
-y Or <-m1
-mg Or -mp
-Bp

=bpr or -bi.,

-brg or -bi,s

Summary of Relationships

The élopes summarized in the following equations ars

useful for design purposes and may be computed with the ald

of the charts of figures 1 and 2.
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3 0
<_a§—§ o, 8y o <-5%\1 5;{:".! <asf) n+°%
30y - . acN)
(BBt - <acx, 5s,6 1-,< 'b Cno e
achf
Chf’st \ac:> 05
30y de 3c
<_E.Tf)3f 84 (Cchnf>sf st< . £.84
aCh Cy, dey,
(30, (), @), (30,
Pngy (2 &N “he
< 36 ¢ >C(,,6 (_a&'i>5f,5t asa‘t s, + ast ens e

3y
N

N Sf»st i <aCN\
da /8p 45

/ 3
5 s e (E),

o
EMRE

S 8£,8¢ Cn,8¢
(32) --(&2) (&) (&)
08 da, 08 08
b %,8¢ 8r,8% % Cn,8¢ b Cpibyf
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3c
(861; %, 8¢ . <§-5g:>cn,5£
oCy =re
RS
ach
_ <aﬁtf>c1.,5f
T 3¢
¥ oo (ash:>

o, 8y

33
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APPENDIX B

DEVELOPMENT OF FORMULAS FOR TRIM, BALANCE,

AND PREE-CONTROL CONDITIONS

For an airfeil with a flap and & trimming tabdb, the
formula for the tab deflection required to trim, where
for trim Chf is°'0, was developed in the following man-

ner,

From the thin-airfoil theory (see appendix A)

a0
Cy = ( l a, - 2% b - (2% 8y { (1)
Ot sf's‘b asf St aﬁt Cnsbf
d ' de
(), (3 (3w

Solve for &8y 1in equation (1):

- acn\ oCy
LCN‘ 5@,/6f’6t Qg * ( >5f'5t ast)Cn,Sf St]

a0 de:
C N

Because Chy = 0 to trim, equation (3) may be equat—

8§

£ =" (1) ¢

8rsbg %

ed to O. Solve for 8 and obtailn
t(op, = 0)
c oe
[(ahf Cy +< hf 51;]
dep S¢,84 Cnidy
6f = - (38-)

If Cy for th = 0 is substituted for Cy in equation
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(1a), &8¢ will become Sf(chf" o)+ Now equations (1a)

and (3a) may be equated and the resultant expression may
be solved for &4 to trim st(chf==0)
ey
<8c §£,8%

ON(0y,=0) |- <acn)f ( ) <aa‘°6hff> stJ< )

5 =
®(Ong=0) <aor. (a%
a8 ¢ cn.sf O8 ¢

‘ | (;&%c (aaf>

n'8¢

8¢

nidt
(8

In this form the tab deflectlon o trim may be deter-
mined by direct substitution of the values for the parameters
es given in the data for this report.

The flap deflection with the tab set to trim may be

determined from equation (la), which, when combined and
rewriftten, becomes

[N(chﬁ-o) o D

"0y =007 (asf> {(ac@s S a_a_;ln.sf "t (opgm0) ¢

Cniby

£ 84

The equations for an airfoll and a flap with a balanc-
ing tab were derived as follows:

For a balancing tab, 8y 1is £(8g), so that &, =

Kaf + Sto, where X 1is & constant for a linear
varlation of &3 with &8¢, and Sto is the ini-

tial tab setting. Therefore squations (1) and (3)
become

a0
Ox =<_5§§ Sf»St <asf> (Bat> (st"'sto)

and
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A . oen By :
() onr (20 () ey
£ .aén stst BSf cnvst' .t. Gn,Sf.

With controls free, Ope=0, and equation (3) becomes

0 <achf> Cy + (’acﬁf> S5/ + ——————aahf> K8 8 )
=\ - YN ) f = < f _ _
OCn “8p . By’ 8% /50,8y  (Cng o) 984 75,6 (Cp=0) _C)

Tk

Revise equation (1) by changing Oy to Oy
(chf=o)_

and subétitute Sf for Sf; use this ex-

pression for . in the foregoing relatlon,

and the flap angle for centrol-free conditloa be-~
comes S



8

£(Cng=0)

(a"hf)& (oaarsta +L_<a°hf a;‘:‘)B:St a%gt_cn.ﬁf E;’ig:cﬁﬁf]at"

ocy, oh > |
(), ), G0 G, TG, (30,60, B0

N

(7}

The equation for the normal-force coefficient with free controls is obtalned by substituting
the free-fleating flap deflectien from equation (7} imbto equation (1).

Thus

GN(th—O) (TS 8 I: ( ) Btaf(chf 0) ( cn,&f (st(cbfzof ato )] (3)

By the actual substitution of the right-hand membsr of equation 7, this equatlon may be
- written-as

‘of ®40g T®BOTUYDOSL VOVH

964

FAT

SUNIeET RTniU

- e -




By the differentiation of equation (7) with resmect to «, St

; staballzing factor becames

W ope=0)" (%Eaf, 3 '@%‘)cﬂ, s, o' [(g?f) ) e ]
30, d : dey, - 1)
G, ), adC "‘* o G G GE)L D
oCh. ¢ doy, r Che Cr ' .
-G, G, WG, G, - ‘Bt(:a LG
(82)

being a constant, the

(%)

(3 a
Ch. .
(acnf>8f, (30’- 8¢, 84 I |
acy, ac
-G, >&< (), Ga), @) G J
£ b

964 °OR ©90K T®OTUYOOT TOVN

Bg




- If equation (8) is differentiated with respect to @, the slope of the normel-force coef-
ficient curve becomes

B, @, L @I w
or by differentiation of equation (8a)
%c;f_)chfﬂ:(% 8pab ¢ 1"’[(8 ) -Sf] .
acy
e, o .
(aehr)ﬁf%(‘ l‘fat(aafcnat(aafcnat [(a°n>5f5t( 2%51;( (aaatcn%]‘
(10a)

964 “ON ®10§ T®OTTY2®L VOVN

6e
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By the use of the slope relations summarized at the
end of appendix A, it can easlly be shown that equations
(8), (8), (?), and (9) may be consideradbly simplified.
When this simplification has been made, these eguations
read as follows:

c v
H(Ch =0) N(Chf=0) g
+
<aCN> dCn < 3o,
5 38 ¢ A,08% LY Chrid¢ 36 ¢ Cn,O¢ (5a)
= i ’ a
t(c, =0)
£ <asf : . <asi>
. ast ast Chf o
- Cx C.. =0 - )
6 ( hf ) g, t(chf:’o) ( )
£ - = + = +- 6a
98¢ /a, 84 08¢ Jop, 84, Bs /oy,
G, e GO,
t
B2 (0p ,=0) : (7a)
‘he® ac de
(), o)

achf
(35f>0h " - - < >§f 8¢ (92)
£

ot aC
&5, ., (&8, .
asf o, 8y
r de dc
(&), ., (&)
oCy oCy %8¢ 984 Cnibyp
<_3&—> N <—_ (10b)
Chf=0 o ‘st_st (achf> : K(BChf)
—t +
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